Recent symbioses, particularly facultative ones, are well suited for unravelling the 14 evolutionary give and take between partners. Here we look at variation in wild-collected 15 samples of the social amoeba Dictyostelium discoideum and their relationships with 16 bacterial symbionts, Burkholderia hayleyella and Burkholderia agricolaris. Only about a 17 third of field-collected amoebae carry a symbiont. We cured and cross-infected D. 18 discoideum hosts with different symbiont association histories and then compared the 19 responses of the amoebae to each symbiont type. Before curing, field-collected clones 20 did not vary significantly in overall fitness, but infected hosts produced morphologically 21 different multicellular structures. After curing and re-infecting, host fitness declined 22 overall. However, natural B. hayleyella hosts suffered fewer fitness costs when re-23 infected with B. hayleyella, indicating that they have evolved mechanisms to tolerate 24 their naturally acquired symbiont. Exploring relationships between endosymbionts and 25 hosts that vary within species may also reveal much about disease dynamics.
INTRODUCTION 27
Relationships are complicated because each party has evolved to maximize its own 28 interests. Mutualisms arise when different parties have abilities or resources easy for same hosts cured of Burkholderia (antibiotic treated), and c) condition after curing and 140 re-infecting (with either B. agicolaris or B. hayleyella) (Figure 1 ). We quantified percent 141 spore viability and number of spores produced (Figure 2 , and Supplemental Tables S1-142 S2). We multiplied these two measures to get a single main measure of fitness, viable 143 spores produced. 145 We found that infection status in the field did not affect total viable spore counts for 146 naïve, native-agricolaris, or native-hayleyella hosts (Figure 2a and Table S1a ) (linear 147 mixed model (LMM), ΔAIC = -1.57, χ 2 = 5.57, DF = 2, P = 0.062). Thus, field-infected 148 native hosts do not seem to suffer any net fitness costs from infection by this measure. 150 To make parallel comparisons when we newly infected D. discoideum with either of the 151 two Burkholderia species, we first had to cure all hosts and be sure that curing in itself 152 did not decrease fitness. We found that wild-collected hosts of our three categories did 153 not experience lowered fitness after being cured with antibiotics ( Figure 2a&b ) (viable 154 spore production: LMM, ΔAIC = 1.74, χ 2 = 2.26, DF = 2, P = 0.32, Table S1b ). Antibiotic 155 treatment actually increased viable spore production of native-agricolaris hosts 156 compared to uncured native-agricolaris hosts (LMM, ΔAIC = -5.68, χ 2 = 9.68, DF = 2, P = To test the effects of Burkholderia on all types of field-collected hosts, we compared 160 viable spore production of cured D. discoideum hosts versus those same hosts artificially 161 infected with B. agricolaris or B. hayleyella (Figure 2b, 2c, 2d ). We found an overall effect 162 on total spore viability with the addition of Burkholderia to all antibiotic-cured hosts ( Table S2 ). 166 We then asked whether D. discoideum hosts are adapted to the Burkholderia species 167 they carried in the field. Overall, the addition of B. hayleyella to D. discoideum led to 168 significantly lower viable spore production than did the addition of B. agricolaris (Wald t = 169 -4.48, DF = 96, P ≪ 0.001) ( Figure 2 ). We also tested for an interaction between native 170 host status and which Burkholderia species was added. There was an interaction effect 171 on total viable spore production (LMM, ΔAIC = -199.93, χ 2 = 215.92, DF = 8, P ≪ 0.001) 172 (Table S2e ). To address specific adaptation, we performed separate tests for each 173 Burkholderia species added. When B. hayleyella was added to the three cured hosts, 174 native-hayleyella hosts had higher fitness than did either native-agricolaris or naïve hosts 175 (both P ≪ 0.001, Figure 2d ; Table S2e ). In contrast, native-agricolaris hosts did not have 176 significantly higher fitness with the addition of B. agricolaris than either native-hayleyella 177 or naïve hosts (both P > 0.05, (Figure 2c ; Table S2e ). However, there was a trend in the 178 direction of native-agricolaris doing best (Figure 2c ). These results indicate that native-179 hayleyella hosts are adapted to colonization by their field-acquired symbionts. 180 D. discoideum morphology and Burkholderia infected state 181 We next examined host morphology and symbiont localization at several stages of the D. 182 discoideum life cycle. Using transmission electronic and confocal microscopy, we 183 examined one D. discoideum clone for each host type outlined above and in Figure 1 184 (QS9 for the naïve, QS70 for the native-agricolaris, and QS11 for the native-hayleyella 185 host). These were either in an uninfected state or infected with one representative of B. 
144

D. discoideum fitness does not differ by wild Burkholderia infection status
149
D. discoideum fitness does not decrease with antibiotic treatment
191
Confocal microscopy of vegetative amoebae from this same host set grown with GFP-192 labeled food bacteria (K. pneumoniae) contain little to no intracellular GFP, suggesting 193 that they have digested food bacteria by the time of fixation ( Figure 4a ).
194
After bacterial food has been depleted, vegetative cells aggregate to form multicellular 195 migratory slugs. In accordance with our observations that all bacteria were killed and 196 digested by vegetative cells, we found no intact bacteria in naïve or cured native host 197 slugs ( Figure 5a ). In addition, slug cells were in general compacted with electron dense 198 materials and contained no food vacuoles or multi-lamellar bodies (Figure 5a ).
199
Ultimately, slug cells differentiate into fruiting bodies consisting of dead stalk cells that 200 support a sorus containing reproductive spore cells. In uninfected fruiting bodies, we did 201 not detect bacteria in stalk cells or spores (Figure 6a and 7a). Instead spores were 202 packed with electron dense materials with no food vacuoles or multi-lamellar bodies 203 ( Figure 6a ). Stalk cells showed plant cell-like characteristics, having a cellulosic cell wall 204 and containing a single large vacuole ( Figure 6a ). Inside the large vacuole, there were 205 some mitochondria and other cellular materials but no bacteria ( Figure 6a ). Taken 206 together, these results suggest that the food bacterium we used, Klebsiella pneumoniae 207 was efficiently cleared during the social cycle from amoebae uninfected by Burkholderia 208 and the amoebae then aggregate and produce bacteria-free fruiting bodies.
209
Burkholderia location inside D. discoideum 210 When D. discoideum is infected with Burkholderia, we find it in amoebae, slug cells, 211 spores, and stalk cells. Using confocal microscopy and RFP labeled Burkholderia 212 strains, we were able to specifically identify high levels of Burkholderia inside host 7b). This suggests that Burkholderia colonization may partially impede food digestion, 219 thereby allowing co-colonization of secondary bacteria and contributing to the proto-220 farming phenotype (Brock et al., 2011; DiSalvo et al., 2015) . However, confocal images 221 demonstrate that Burkholderia is much more abundant in amoebae than is K. suggests that digestion is not completely arrested during colonization, an unsurprising 231 finding given that hosts continue to grow and multiply. Interestingly, we did not find multi-232 lamellar bodies containing intact bacteria secreted into the extracellular environment, 233 indicating that Burkholderia may not be expelled from host cells via multi-lamellar body 234 excretion.
235
In Burkholderia infected hosts, intact bacteria are retained in food vacuoles throughout 236 the transition to multicellular slugs, suggesting that bacteria stay within phagosomes 237 throughout the aggregation stage (Figure 5b ,c). Through TEM, we did not detect obvious 238 morphological defects in infected slugs or differences between slugs infected with 239 different Burkholderia species.
240
After fruiting body development, we find intracellular bacteria in both stalk and spore 241 cells of Burkholderia infected hosts (Figure 6b ,c). In infected stalk cells, intact bacteria 242 reside in single large vacuoles inside the cellulosic cell wall (Figure 6b ,c). In spore cells, 243 bacteria remain within vacuoles (Figure 6b ,c). We also observed bacterial cells outside 244 spores but within the sorus, suggesting that bacteria can either travel extracellularly into 245 the sorus or escape from spores after sorus formation (Figure 7b ,c). 246 We did not observe strikingly altered morphologies for B. agricolaris infected spore and 247 stalk cells ( Figure 6b ). However, the spore and stalk cells of naïve hosts infected with B. 248 hayleyella appeared to be morphologically aberrant ( Figure 6b ). We found numerous 249 broken spores and signs that bacterial cells were escaping from damaged spores ( Figure   250 6b). In addition, the whole stalk structure was often collapsed and filled with bacteria Burkholderia impact on fruiting body morphology 260 Since Burkholderia are found inside D. discoideum, it is no surprise they impact the 261 morphology of fruiting bodies. In their field-collected state, the three clones carrying no 262 Burkholderia, or B. agricolaris or B. hayleyella differed in both stalk height and stalk 263 volume (F 2,27 = 42.6, P ≪ 0.001, F 2,27 = 50.8, P ≪ 0.001, Figure 8b , Table S3a ). The 264 main pattern is that both height and volume were significantly lower in native-hayleyella 265 hosts ( Fig. 8 ; Table S3a ).
266
Native-agricolaris fruiting bodies were generally similar to the naïve host but taller than 267 the native-hayleyella host (P < 0.001). In the native-agricolaris host, the spore masses 268 often slid down their stalks or the fruiting bodies fell over, though the stalks were not 269 significantly taller than in the naïve host. If the spores fall off their stalks, they will not 270 have the advantage of facilitated transport by a vector that they would have at the top of 271 the stalk (smith et al., 2014).
272
There was also an overall difference in sorus diameter and sorus volume among the 273 three hosts in their field state ( Figure 8 ; F 2,236 = 25.4, P ≪ 0.001, F 2,236 = 22.9, P ≪ 274 0.001, Table S4a ). Compared to the naïve hosts, both the native-agricolaris and native-275 hayleyella hosts had smaller sorus sizes (both P < 0.001) but were not different from 276 each other.
277
Curing with antibiotics caused no significant change in any stalk or spore measurements 278 (Figure 8a , b, c; Table S3b , S4b). However, when Burkholderia bacteria were added to 279 the cured hosts, we saw species-specific effects on morphology ( Figure 8 ; Table S3c-d,   280 S4c-d). Overall, the addition of B. agricolaris changed stalk height (F 1,58 = 54.9, P ≪ 281 0.001) significantly increasing it in two of the hosts (Table S3c ). Stalk volume was not 282 affected. Addition of B. agricolaris also significantly changed both sorus diameter and 283 sorus volume (F 2,240 = 25.4, P ≪ 0.001, F 2,240 = 21.2, P ≪ 0.001). Native-hayleyella hosts 284 had larger sori when infected with B. agricolaris (Figure 8 ; Table S4c ).
285
The addition of B. hayleyella decreased both stalk height ( Figure 8 ; F 1,58 = 366.4, P ≪ 286 0.001) and stalk volume (F 1,58 = 120.2, P ≪ 0.001, Table S3d ) significantly in all three 287 hosts. Addition of B. hayleyella also affected sorus diameter (F 2,240 = 10.1, P ≪ 0.001) 288 and volume (F 2,240 = 11.3, P ≪ 0.001) with a significant specific effect of smaller sori in 289 the naïve host ( Figure 8 ; Table S4d ).
290
There were interaction effects between the amoebae hosts' native infection status and 291 the species of Burkholderia added for all traits: stalk height (F 4,81 = 4.9, P = 0.0015), stalk 292 volume (F 4,81 = 7.4, P ≪ 0.001; Figure 8 ; Table S3e ), sorus diameter (F 4,719 = 5.3, P = 293 0.0004) and sorus volume (F 4,719 = 4.5, P = 0.0014; Figure 8 ; Table S4e ). However, 294 these interactions were matters of degree of change and did not involve sign changes: 295 for all four measurements, fruiting bodies with B. agricolaris were taller than those with B. 296 hayleyella ( Figure 8 ; Tables S3e, S4e ).
297
DISCUSSION
298
Here, we characterized D. discoideum infection by two symbiotic Burkholderia species, 299 B. hayleyella and B. agricolaris (Brock et al., 2018) . We looked at their impact on D. 300 discoideum by comparing wild type, cured, and re-infected hosts. We assessed fitness 301 measured as production of viable spores, and also evaluated morphological changes in 302 amoebae, slugs, and fruiting bodies with numerical and microscopic data. We found that 303 both Burkholderia species are a burden to D. discoideum under our experimental 304 conditions. However, wild collected hosts did not differ in viable spore production 305 according to whether or not they carried either species of Burkholderia. Even so, D. 306 discoideum with their field-collected state of infection did differ in fruiting body 307 dimensions, with uninfected hosts generally having taller, larger stalks, and larger sori.
308
What explains the differences from experimental infection is unclear. Infection in the wild 309 may be at a lower level than we used experimentally or may have initiated at a lower 310 level that slowly amplified over time, allowing host acclimation to the metabolic costs of 311 infection.
312
Once D. discoideum hosts are cured with antibiotics, so all comparisons can start from 313 the same baseline, we found that there were few within treatment differences according 314 to host type. The only exception to this is that native-hayleyella hosts produced more 315 viable spores than did naïve or native-agricolaris hosts. This fitness difference is an 316 indication of co-adaptation.
317
Perhaps the general lack of difference among host types with infection is due to sex, 
401
MATERIALS AND METHODS
402
D. discoideum strains and culture conditions 403 We collected D. discoideum isolates from the field that were uninfected, or infected with 404 either B. agricolaris, or B. hayleyella. Table 1 for D. discoideum. We grew all D. discoideum from spores on SM/5 agar plates (2 g 409 glucose, 2 g BactoPeptone (Oxoid), 2 g yeast extract (Oxoid), 0.2 g MgCl 2 , 1.9 g 410 KH 2 PO4, 1 g K 2 HPO 4 and 15.5 g agar per liter) supplemented with K. pneumoniae at 411 room temperature (21°C).
412
Symbiotic bacterial strains 413 We used D. discoideum-associated Burkholderia previously isolated and sequenced to hayleyella strains were isolated from QS70, QS159, QS161, and NC21, and QS11, 416 QS23, QS22, and QS21 D. discoideum hosts respectively.
417
Removal of symbiont from native D. discoideum hosts 418 We generated symbiont-free native host clones by tetracycline, or by ampicillin- . We confirmed loss of infection status using the spot test assay and PCR analysis 421 of Burkholderia, and K. pneumoniae in D. discoideum sori as previously described.
422
Lab Infections 423 We collected stationary phase bacteria in starvation buffer from bacteria grown on SM/5 424 plates. We determined the bacterial absorbance (A 600 ) using a BioPhotometer 425 (Eppendorf, NY) and set all suspensions to optical density (OD 600 1.5). For experiments 426 using lab-infected lines, we mixed the specified Burkholderia species at 5% and K. 427 pneumoniae at 95% volume and plated D. discoideum spores (as indicated) with 200ul 428 of the bacterial mixture on SM/5 plates.
429
Spot test assay 430 We verified infection status by spot test assay as previously described (Brock et al., 431 2011). Briefly, we transferred sorus contents from individual D. discoideum fruiting 432 bodies to SM/5 agar plates using a 10µl filter pipet tip. We incubated at 21°C for one 433 week and checked for bacterial growth as an indication of infection.
434
Fitness assay 435 We analyzed spore production and viability as a proxy for amoeba fitness using four sets 436 of D. discoideum clones (Table 1) . We tested three conditions: uninfected (naïve, cured To set up each assay, we plated 2 × 10 5 spores of each clone in each condition (with 443 lab infected lines being plated on Burkholderia-Klebsiella mixtures as described) onto 444 SM/5 agar plates in duplicate. All clones formed fruiting bodies by 3 days, so we 445 performed data collection five days after fruiting. We used the first plate to ascertain 446 total spore production as previously described (DiSalvo et al., 2015) . Briefly, spores 447 were collected by washing plates with starvation buffer supplemented with 0.01% NP-448 40 alternative (Calbiochem). We counted spore dilutions on a hemocytometer using a 449 light microscope and determined total spores according to total volume collected and 450 dilution factor. To determine the proportion of viable spores we collected spores into 451 starvation buffer only and determined spore density as above. We diluted suspensions 452 to 10 4 and spread 100 spores over ten 100 × 15 mm 2 Sm/5 agar plates supplemented 453 with 200 µl K. pneumoniae in starvation buffer (absorbance, A 600 1.5). After 2 days the 454 percentage of viable spores was determined by counting plaques formed on bacterial 455 lawns.
456
Transmission electron microscopy 457 We prepared amoebae by plating 2 × 10 5 spores (with Klebsiella for uninfected or native-458 infected and for the indicated Burkholderia mixture for lab-infected). We harvested log-459 phase vegetative cells approximately 36hrs after plating and fruiting bodies 4 days after 460 plating. To prepare migrating slugs, we mixed 200 µL of centrifuge-concentrated K. 461 pneumoniae (absorbance, A 600 75) with 5 x10 6 spores and plated the mixture in a 462 straight line across a starving agar plate, which was then wrapped in aluminum foil with a 463 small hole opposite the spore line. We incubated plates under a direct light and allowed 464 slugs to migrate for about 80 hours before processing. We processed all stages by first 465 adding fix solution (2% paraformaldehyde/2.5% glutaraldehyde (Polysciences Inc., 466 Warrington, PA) in 100 mM cacodylate buffer, pH 7.2), followed by low melting agarose, 467 over the plates to keep structures intact. 468 We fixed samples for 1-3 hr at room temperature then washed with cacodylate buffer 469 and postfixed in 1% osmium tetroxide (Polysciences Inc.) for 1 hr. We then rinsed Phalloidin with the 640 laser. We created composite images in FIJI.
507
Infectivity Quantification
508
We quantified the population of Burkholderia-RFP infected spores for the set 1 clones 509 using the BD accuri C6 flow cytometer. We plated spores in duplicate as described in the 510 confocal microscopy section. Four days after plating, we resuspended 3 sori from each 511 plate into 500ul of starving buffer with 0.01% NP-40 alternative. We ran 100 µl of each 512 vortexed sample through the flow cytometer. We used non-fluorescent controls to 513 establish an accurate gating between fluorescent and non-fluorescent boundaries. We 514 measured and averaged duplicates for a total of 6 temporal replicates.
515
Morphometrics 516 We quantified fruiting body size and shape for each clone in each condition using set 1 517 clones. We plated the clones as described under fitness assays. Five days after fruiting, 518 we carefully cut and removed a thin strip of agar approximately 5 mm wide from the 519 central area of an experimental plate and laid it on its side in a Petri plate. We placed 520 dampened Kimwipes around the agar slice to prevent desiccation. We used a Leica EC3 521 scope with the LASD core package LAS V4.1) to collect data. Fruiting body images were 522 taken randomly along with graticule images for calibration. We took six measurements of 523 each fruiting body: sorus width, sorus length, stalk height and the width of the stalk at its 524 base, midpoint and at the top just below the sorus (Buttery et al., 2009 ). Stalk height was 525 measured from the base of stalk to the tip of the sorus. We calculated sorus volume 526 applying the formula for the volume of a sphere using diameter, V = 1/6 π d 3 . We 527 calculated stalk volume using the formula of a cylinder, V= π r 2 h, where height (h) is the 528 stalk height and radius (r) is half the mean of the three stalk width measurements. We 529 measured about 80 sori and 20 stalks for each clone for each condition. 
548
For morphometric analyses, we also tested the effect of antibiotic treatment on those 549 hosts not re-infected with Burkholderia. We used a 2-way analysis of variance (ANOVA) Table 1 . Dictyostelium discoideum clones used for this study. Clones are divided 721 into specific sets each with naive, native-ag, and native-ha field-collected counterparts.
722
They were collected from Virginia, North Carolina, and Texas as indicated. to eliminate symbionts and are indicated with a ".c". Clones were subsequently exposed for each type with 3 replicates for each (squares, triangles, circles, and diamonds represent set 807 1-4 clones respectively). These data were used to determine total viable spores represented in 808 Table S1 . Statistical results of three fitness measures assayed for field-collected amoeba 817 clones and after curing with antibiotics. The three fitness measures were percent of spores 818 that were viable, the total number of spores produced by a clone, and total viable spores. Total 819 viable spores is the product of the other two measures. For each pairwise contrast, the essential 820 difference in treatments is in boldface, and a treatment that is significantly higher than the other 821 is marked with an asterisk and printed in red. Each of the fitness measures was analyzed with a 822 set of Generalized Linear Mixed Models (GLMMs). This table gives the p-values for each 823 question asked about main or interaction effects and the post hoc pairwise comparisons made, 824
723
Figures & Figure Legends
as relevant. Details about the statistical tests used can be found in the main text. 825 Table S2 . Statistical results of three fitness measures assayed for antibiotic-cured 827 amoeba clones after experimental addition of Burkholderia. The three fitness measures 828 were again percent of spores that were viable, the total number of spores produced by a clone, 829 and total viable spores. Total viable spores is the product of the other two measures. For each 830 pairwise contrast, the essential difference in treatments is in boldface, and a treatment that is 831 significantly higher than the other is marked with an asterisk and printed in red. Each of the 832 fitness measures was analyzed with a set of Generalized Linear Mixed Models (GLMMs). This as relevant. For each pairwise contrast, the essential difference in treatments is in boldface, and 841 a treatment that is significantly higher than the other is marked with an asterisk and printed in 842 red. Details about the statistical tests used can be found in the main text. One clone of each 843 native type was tested: QS9 naïve; QS70 ag-infected; QS11 ha-infected. 844 for each question asked about main or interaction effects and the post hoc pairwise comparisons 848 made, as relevant. For each pairwise contrast, the essential difference in treatments is in 849 boldface, and a treatment that is significantly higher than the other is marked with an asterisk 850 and printed in red. Details about the statistical tests used can be found in the main text. One 851 clone of each native type was tested: QS9 naïve; QS70 ag-infected; QS11 ha-infected. 852
